Abstract -The potential of fast atom bombardment (FAB) mass spectrometry and of high resolution proton NMR spectroscopy, in the structure elucidation of complex glycosphingolipids (GSL), was assessed with the aid of unmodified, peracetylated and permethylated derivatives. The results of negative ion FAB MS on native GSL and of positive FAB MS on their permethylated derivatives proved to be highly complementary to those obtained by the use of different NMR techniques. Examples of FAB spectra, of spin-decoupled spectra, of NOE (Nuclear Overhauser effect) difference spectra, of 3-resolved two-dimensional spectroscopy, as well as of the COSY (chemical shift correlated) or the SECSY (spin-echo correlated) variant of the two-dimensional spectroscopy, measured at 360 or 500 MHz, demonstrate that with a minimal amount of substance complete informatkn can be gathered on the molecular weight, ceramide moiety, the type and number of sugar constituents, their anomeric configuration, sequence, sites of linkages and branching patterns.
INTRODUCTION
Glycosphingolipids, by definition glycosides of the ceramides, are integral components of the plasma membrane of eucariotic cells. More than 95% of the cellular GSL are anchored asymmetrically in the outer layer of the cell membranes. Although their function is still poorly understood on a molecular level, it is generally accepted that GSL together with other glycoconjugates of the plasma membrane play an important role in the transmembrane communication of neighbouring cells, in the cellular differentiation and malignant degeneration or oncogenesis. They function as cellular antigens, as genetic markers and they can be parts of cellular receptor structures. A real understanding of these normal physiological and pathological processes requires a complete knowledge of the structures involved. Compared to the progress achieved in the sequence determination of other biopolymers, methods used for the sequencing and structure determination of complex glycoconjugates still reside in the dark ages. A great discrepancy exists between the increasing demand for structural information and the vanishingly small amounts of material available, the enormous complexity of the involved structures and the extreme demands of specificity combined with some of the most difficult organic chemistry. During the last years the growing perception of the importance of this field has stimulated the development and the application of new and more powerful methods of isolation, purification and structural elucidation. The complete analysis of GSL implies the determination of thylated and reduced, and in the case of gangliosides, permethylated, reduced and silylated samples were analysed. These results are well documented. Thus, GSL containing up to 12 sugar components could be analysed (Ref. 3) . From the mass spectra conclusive evidence can be obtained on the fatty acid and sphingosine of the ceramide residue, on the sugar sequence, on the presence of branching points and also in part on the sites of linkages. Due to the presence of rather intense ions produced by cleavage of the C(2)-C(3) bond of the sphingosine with retention of the fatty acid and the complete carbohydrate chain, it is also possible to analyse mixtures of GSL using selected ion monitoring and programmed increase of probe temperature (Ref. 4) . Molecular ions, if any, are normally of very low intensity. The application of these MS techniques is limited by the volatility and thermal stability of the samples. Even with "close probe" techniques and the use of permethylated and reduced derivatives it will be difficult to analyse compounds with molecular weights in excess of 3000 daltons.
Fast atom bombardment. The introduction of FAB has opened new dimensions to the MS analysis of polar compounds (Ref. [5] [6] [7] [8] . We have recently investigated the potentials of FAB MS in the analysis of permethylated derivatives of GSL and other glycoconjugates. Normally very intense pseudomolecular ions M+H or M+Na are observed. The intensity of these ions can be greatly enhanced by the addition of salts. Since no vaporization process is involved in the formation of these pseudomolecular ions, the mass range is only limited by the specification of the instrument, i.e. strength of the magnetic field and sensitivity of detectors in the high mass range. The most advanced instruments will offer a mass range of 12000 dalton at 10 kV acceleration voltage. In our hands molecular ions were observed with CSL containing up to 25 sugar components (Ref. 9) . Besides the molecular ions, a highly specific cleavage occurs at the glycosidic bond between the sugar chain and the ceramide residues, giving rise to intense ions that represent the whole ceramide moiety. From the pseudomolecular ions and the ceramide residue, the overall carbohydrate composition concerning the number of hexoses, N-acetylhexosamines, deoxyhexoses, sialic acids and uronic acids can exactly be calculated. Each of the above components contributes specific mass increments that allow an unequivocal calculation for every possible composition. Furthermore, specific cleavage occurs starting with the terminal carbohydrate components. These can be recognized, as in El MS, by specific ion pairs such as m/z 219 and 187 for hexose or m/z 260 and 228 for hexosamine, etc. In addition, high intensity sequence ions are produced by the selective cleavage of the glycosidic bonds of the hexosamine residues in the sugar chain. In this way, series of sequence ions are produced, that allow the determination of branching patterns and, e.g., in the lactoseries the location of repetitive lactosamine units. These sequence ions are normally accompanied by daughter ions that are specific for type 1 or type 2 chains, thus offering a means of discrimination between 1-4 and 1-3 linked hexosamines.
Negative ion FAB MS. With the aid of FAB native underivatized GSL are also amenable to the MS analysis. Both positive and negative ions can be recorded. In the presence of cations, however, multiple exchange of protons is observed, thus giving rise to multiple pseudomolecular and fragment ions of relatively low intensity. In contrast, very intense pseudomolecular ions M-1 are observed when recording negative ions. Besides these pseudomolecular ions, fragment ions are formed by cleavage of the glycosidic bonds with the negative charge remaining on the oxygen. Thus, two series of sequence ions are observed starting from both ends of the molecule, that indicate the size of the ceramide residue and the sequence of the sugar components. In summary, negative ion FAB MS gives conclusive information on the molecular weight, the aglycon, the type, number and sequence of the sugar residues, and the branching pattern of the carbohydrate chain.
Mass spectrometry was performed on a ZAB iF reversed geometry double focussing instrument equipped with a high field magnet with a mass range of 3500 amu at 8 kV acceleration voltage (VG Analytical, Manchester, U.K.), as described in (Ref. 8) . The isolation and purification of the GSL followed the procedures described elsewhere (Ref. 10, 11) .
'H NMR spectroscopy The outstanding new features of NMR spectroscopy are the extensive use of high-field instruments operating at frequencies of up to 500 MHz, and the utilization of the capabilities of the computer control of experiments. At higher field strength both the spectral dispersion and sensitivity are improved. Computer controlled spectrometers enable the routine application of pulsed Fourier-transform spectroscopy and its important variants, difference spectroscopy and two-dimensional spectroscopy. Thanks to these techniques, the overlapping signals -or at least a part of them -can be assigned so that structure determinations can be based on larger sets of data. Spin-decoupled difference spectra (SDDS) are obtained by subtracting a control (unperturbed, off-resonance irradiated) spectrum from the spectrum obtained under decoupling conditions, i.e., from one that is on-resonance irradiated during the acquisition time (Ref. 12,13). As seen from the example given in Fig. lb , the signal of the decoupled proton is neatly isolated from the others in the bulk. Moreover, the whole coupling pattern of the decoupled proton become visible, hence all through-bond connectivities of such protons can be identified and the relevant coupling constants measured with an accuracy sufficient for practical purposes and even for spectrum simulation-iteration, if desired. By applying this procedure consecutively, all proton signals can in principle be assigned. Problems arise when both the irradiated and the observed resonance lie in a crowded spectral region. In such cases two dimensional methods are preferable. On the other hand, none of exactly overlapping multiplet resonances can be seen in 3-resolved two-dimensional spectra, whereas each of them can readily be observed by SDDS, if coupled to at least one resonance located elsewhere. 'H NMR spectra of the blood-group B-acti- off-resonance irradiation in the control spectrum.
NOE (nuclear Overhauser effect) difference spectra (Ref. [14] [15] [16] [17] [18] [19] [20] , which are suitable for ascertaining spatial proximities of nuclei, are produced in a similar manner to SDDS, but irradiation is applied before acquisition. Owing to the low power of this irradiation, NOE experiments are more selective. Some of the through-space connectivities established by NOE will be the same as the through-bond ones obtained by SDDS, viz., those for geminal protons, for vicinal diequatorial or axial/equatorial protons, possibly for H-5/H-6, and for several ceramide protons. Other NOE difference signals will identify new combinations of protons, e.g., synaxial H-i/H-3/H-5 and H-2/H-4, and possibly H-4/H-6. Thus, NOE spectra contribute much to the discovery of hidden resonances and under favourable circumstances may enable one to complete the identification of all spin systems. Even more important than these intraresidue NOEs are the interresidue ones between anomeric and aglyconic protons, because they serve as a basis for the determination of sequences and sites of glycosidic linkage (cf. Fig. ic ).
In the two dimensional (2D) spectra, the effects of chemical shifts and scalar, or dipolar coupling are separated. The contour plot presentation of a homonuclear 3-resolved 20 spectrum (Ref. 21, 22 ) is shown in Fig. 2c . The centres of all resonances are spred along the 6 2 axis (i.e., the chemical shift axis) and can be seen as singlets in the projection onto this axis (Fig. 2b) . The cross sections through these centres, yield the multiplets of individual resonances, here in the form of contours (they can, of course, be also depicted in the conventional form). Thus, multiplets that were intermingled in the iD spectrum (Fig. 2a) are now separated. This technique is only applicable to first-order spectra hence the measurements should be carried out at possibly strong fields. At the same time, higher-order effects are practically meaningless for the 3-mediated, shift correlated spectra. The latter indicate scalar coupling between nuclei, without providing precise values of the coupling constants, however. A chemical shift correlated spectrum ("COSY" variant: Ref. 23, 24) is presented in Fig. 2d . The contours corresponding to resonances of the 1D spectrum are aligned along the diagonal, in the coordinate system 1'2 If two nuclei A and B, resonating at c A and 6B, are coupled to each other, they exhibit off-diagonal contours located in the corners of the square defined by 8 , 6 6 and 8 . Coupled nuclei can therefore be identified by finding such squares on the contour diagram. If any of these nuclei is further coupled to others, additional contours occur at its chemical shift and this simple correlation procedure can be continued until the entire spin system of the given sugar residue is traced. Thus, a single 20 correlated spectrum can be substituted for a series of consecutive decoupling experiments. The "SECSY" variant of the shift correlated spectroscopy differs slightly in experimental details and in the coordinate system of the presentation, but the connectivity information obtained is the same. Similarly, 2D NOE spectra can be obtained by correlating the chemical shifts of closely located nuclei via the dipolar coupling (i.e., relaxation) between them. Here, too, long series of consecutive 10 NOE experiments can be replaced by one 20 spectrum. Perhaps even a more important advantage of the correlated spectra is that no irradiation by a second radio-frequency field is needed; hence the connectivities between coupled nuclei (scalar or dipolar) can be established even if their signals are heavily overlapped. 
PPM
Type and number of monosaccharide residues, and ring conformation. The anomeric proton signals of the deuterium-exchanged native GSL occur in the otherwise unpopulated region between 4.1 and 4.9 ppm, hence the number of sugar residues can be determined by integrating these signals. Site of glycosidic linkage and seguence. Glycosylated sites can be identified by glycosylation-induced shifts observed for native or peracetylated oligosaccharides and, at the ab initio level of analysis, by interresidue NOE and interresidue scalar coupling via the glycosidic bond. Substitution at a saccharide ring by another sugar unit induces chemical shift changes ("glycosylation shifts", Lt8) for both of them, those for the protons of the glycosylated residue being diagnostic of the glycosylation site. The largest z6 result for the proton at the linkage site and vicinal to it, other resonances being markedly less changed. Although one or both of the vicinal protons may be even more affected than that at the glycosylation site, the latter can nevertheless be unambiguously determined as corresponding to the signal of the middle proton of these three exhibiting largez\8. Except for special cases of crowding originating with the new sugar residue entering a site vicinal to one already glycosylated (Ref. 16, 19, 20, 30, 32) , glycosylation shifts regularly follow this pattern and are toward lower field (z Sis positive). Therefore, glycosidic linkage sites of given sugar residues, of a strain-free GSL, can be determined if chemical shifts for all protons of these residues located terminally in corresponding precursors of this GSL are known.
Glycosylation shifts for peracetylated oligosaccharides are even more characteristic and useful (Ref. 34, 38, 39) . Glycosylating units replace the strongly deshielding acetyl groups hence the shifts are toward higher field, their magnitude being of the order of 1 ppm. Since neighbouring protons are little affected, the discovery of sites of glycosidic linkage is straightforward. Spectra of the peracetylated globotetraosylceramide are shown in Fig. 2 .
The NOE signal of the aglyconic proton at the glycosidic linkage site can be obtained upon preirradiation of the anomeric proton of the subsequent sugar residue. This scheme was first used for estimation of the angles between sugar rings (Ref. 15, 16) and soon applied to the determination of unknown sequences and sites of glycosidic linkage in native GSL (Ref. [17] [18] [19] [20] . The identification of the aglyconic proton at the linkage site is unequivocal, except when there is an equatorial proton vicinal to it, as H-4 in 3-glycosylated galactose residues. Such protons exhibit NOEs of approximately the same magnitude, hence they must be located at comparable distance from the anomeric proton across the glycosidic linkage. Although the sequence in this disaccharide fragment is thus unambiguously established, the question of the linkage to site 3 or 4 remains open. The answer to this question can be found by consulting the data on glycosylation shifts: according to what was said above, protons that show practically the same chemical shifts as in the nonglycosylated precursors, cannot be those neighbouring the glycosylation site. Hence, unal-
Another initio type approach to resolving sequence and linkage problems puts to use the four-bond scalar coupling between the anomeric and the aglyconic proton. Although this coupling is usually so small as not to be observable even in resolution-enhanced spectra, it can nonetheless be detected (but not measured), being sufficient to cause a magnetization transfer between the protons mentioned, in the so-called delayed COSY experiment (Ref. 24, 41) . Unfortunately, five-bond interresidue couplings may also produce connectivity contours of comparable intensitiy, hence ambiguities as to the glycosidic linkage site, similar to those described above for NOE, will also have to be taken into account. Although, as outlined in (Ref. 41) , the problem can possibly be attacked by determining the relative signs of the coupling constants, this will certainly not be an easy way to go, particularly for large molecules, with the host of long-range inter-and intraresidue couplings expected for them.
All the methods discussed above are, of course, also applicable to the determination of sites of bifurcation of the oligosaccharide chain. However, knowledge of the particular branching points is insufficient for the unambiguous elucidation of the gross branching pattern. This special aspect of sequence will be dealt with in the next section. The secondary, three-dimensional structure and related problems are beyond the scope of this article.
RESULTS AND DISCUSSION
Recent experiments show that 25% of the ABH blood-group antigens of human erythrocytes are represented by glycosphingolipids. The majority of these, about 4/5, have complex structures that comprise 20-60 sugar components per molecule (Ref. 42, 43) . A part of these higher GSL could be isolated from the membranes of human B erythrocytes by extraction with butanol/buffer systems followed by various fractionation steps as described elsewhere (Ref. 44) . In a final step the peracetylated GSL were purified by preparative h.p.t. As an example, the FAB spectrum of the blood-group B active ceramide octasaccharide is shown in Fig. 3 together with the scheme of fragmentation. The complete structural elucidation of this glycolipid, B-Il, has already been published (Ref. tion of methanol, hexose or deoxyhexose, as indicated in the scheme. Especially the elimination of methanol leading to m/z 810 is a strong indication that the position 3 of the GIcNAc residue is not substituted. No pentasaccharide ion is visible but instead a hexasaccharide ion at m/z 1291, which is accompanied by m/z 1259. Both the tetra-and the hexasaccharide ions are accompanied by ions that are 8 amu higher at m/z 856 and 1299, the latter being formed by exchange of one methyl group for one sodium.
By addition of potassium ions these ions are shifted to 24 amu higher values. The whole carbohydrate chain, finally, is represented by a series of ions of comparatively low intensity that are produced by elimination of the ceramide residue followed by rearrangement at m/z 1707, 1738 and 1753. A number of ions in the lower mass range, like m/z 609, 503, 451 etc., are derived from the thioglycerol matrix. Thus the GSL B-Il can be characterized as a ceramide octasaccharide with a subterminal branching point and two lactosamine units joined to each other.
Further details of the structure of B-Il were established by NMR. Anomeric configuration and the number of sugar residues were determined by measuring the coupling constants and integral intensities of the H-i doublets. The H-i signal of Gal-8 ( Fig. 1) In a similar way the higher blood-group B active CSL B-Ill and B-IV could be characterized by their MS and NMR spectra. From their respective pseudomolecular ions, M+Na 3223 and 3672, they were identified as ceramide dodeca-and ceramide tetradecasaccharides. In addition, a ceramide hexadecasaccharide could be characterized by FAB MS exhibiting M+Na 4121. Their molecular ion regions are shown in Fig. 4 . (Table 1) shows that glycosylation induces an upfield shift of the H-i resonances of the neighbouring GlcNAc-7 and -7' units, the change being from 4.69 to 4.64 ppm for the former and from 4.42 to 4.36 ppm for the latter. In the spectrum of B-IV, there is a signal at 4.37 ppm but none at 4.42 ppm, hence there is no other i-6 linked GlcNAc unit than that neighbouring the fucosylated antigenic determinant, i.e., the lactosamine unit must be located elsewhere. Taking into account that it was localized by MS in the branched part of the molecule (as indicated by an ion at m/z i219), it is obviously situated in the i-3 linked branch. shed some light on the structural basis of I/i antigenicities: i-activity is essentially connected with linear structures of repetitive N-acetyllactosamine units that are linked /3i-3 to each other whereas I activity is found in branched structures with additional N-acetyllactosamine units linked /3 i-6 to the galactose residues. It has been shown that I,i antigens are not restricted in appearance to the human cells. GSL isolated from bovine or rabbit erythrocytes that carry blood-group B-like determinants have been particularly useful for the determination of the structural features of I,i antigenicity. As a result of these investigations, the hexasaccharide structure
6Gai-4GNAc
Gal /31-4GlcNAc /11' was identified as the region recognized by most anti I antibodies (Ref. 53, 54) . The basic structure connected with i antigenicity is the linear tetrasaccharide. The relatively small number of GSL tested up to now show, however, only weak I or i activity when compared to the long chain or multibranched structures present on human, bovine or rabbit erythrocytes. Therefore, in order to get a deeper insight into the fine specificity of different I,i antibodies, larger GSL with blood group B-like activity were prepared in high yield from rabbit erythrocytes (Ref. 9) . In this series of multibranched GSL, the major problems of structural elucidation were: (a) the arrangement of the side chains either as a series of short branches along one main chain or multibranched like a tree, (b) the sequence of the repetitive N-acetyllactosamine units and (c) the sites of attachment of the different branches either to carbon 3 or 6 of the galactose residues. The GSL BI -2 with 15, BI -3 with 20 and BI -4 with 25 sugar residues were modified by treatment rab rab rab with a-galactosidase and subsequent Smith degradation. These degradation steps were undertaken in order to obtain NMR data on terminal GlcNAc residues, as our previous results on glycosylation shifts (Ref. 13, 20) suggested that this could possibly enable us to resolve the problem of whether the 1-3 or 1-6 linked branches are further bifurcated. The 1-3 linked GlcNAc residues exhibit their H-i resonance at 4.64 ppm, if in terminal position, and at 4.68 ppm when situated inside of the oligosaccharide chain; for the 1-6 linked one the corresponding numbers are 4.37 and 4.42 ppm. In the spectrum of the ceramide nonasaccharide 3, obtained by degradation from the ceramide pentadecasaccharide 1 via the ceramide dodecasaccha-TABLE 2. Anomeric proton chemical shifts (ppm from Me4Si at 333 K in DMSO-d6/D20, 98:2) of the ceramide pentadecasaccharide 1, ceramide dodecasaccharide 2 and ceramide nonasaccharide 3
Ga11-4G1cNAc1-34 3 2 Gahd-3Ga11-4
G1cNAc1-6"
Gal/31-4G1cNAc/31-3Gal/31-4Glc/31-lCer (Table 2) , the integral intensity of the 4.64 ppm signals is 1H and the 4.37 ppm signal corresponds to 2H. The branching patterns shown in the heading of Tab. 2 is thus unequivocally established, since the alternative branching, which would be equivalent to the mutual exchange of the 1-3 and 1-6 branches at Gal-4, would require 2H for the 4.64 ppm signal, 1H for the 4.37 ppm one, and 1H for a signal of an internal, 1-6 linked GlcNAc unit at 4.42 ppm that, in fact, is missing. This analysis can be extended to the higher, polyantennary GSL. For each of them, the lack of any internal, 1-6 linked GIcNAc unit (i.e., the lack of the 4.42 ppm resonance) proves that all of them are branched in the manner shown in the scheme of Fig. 5 , with the trisaccharide antennae linked /3 1-6 to the galactose residues of the repetitive N-acetyl lactosamine units.
The FAB MS data obtained on permethylated BIrab_4 itsa_galactosidase_(BI_4a) and Smith degradation products (BIb_4aSm) are in good agreement with these findings. The UV trace of the molecular ion region of the permethylated BIrab_4 recorded at 4kV acceleration voltage is shown in Fig. 5 together with the scheme of fragmentation. From interpolation between adjacent cesium iodide signals, the center of the main peak was determined as 6185 amu representing the most abundant molecular species of the formula C288H514N10O128Na. The major fragment ions observed in the FAB spectrum are indicated.
Gal -Gal-GIcNAc
Gal-Gal-GlcNAc All prominent ions representing the carbohydrate moiety are produced by fission of the glycosidic bonds of the CIcNAc residues. The regular branching pattern is indicated by this series of ions with a mass increment of 1102 amu between each of them. From this pattern of fragmentation, a tree-like branching can clearly be excluded. After treatment of Blrab_4 with a-galactosidase, the molecular ion of the permethylated derivative is shifted to M+Na 5163, thus indicating the loss of five galactoses that were linked a-glycosidically at five branches. The pattern of the sequence ions is also changed in such a way that the difference between them now amounts to 898 amu, equivalent to two N-acetyllactosamine units (Fig. 6a) . Due to the presence of five terminal N-acetyllactosamine units, the ion pair m/z 464 and 432 is very intense. A closer inspection of the spectrum shows, that besides the desired product, a small amount of another product is formed where one of the terminal galactoses has not been removed by the enzymatic treatment. This is indicated by the ions m/z 668 and 676. If this residual Gal were evenly distributed over the different branches of the molecule, one should expect that each of the sequence ions were accompanied by an ion of lower intensity at a value 204 amu higher. This is, however, not the case with the ions m/z 1362, 2260 and 3158. A signal significantly above the "chemical noise" of the matrix is only observed at m/z 4168 thus indicating that the Gal attached to the branch closest to the ceramide residue has in part escaped the action of the enzyme. The low proportion of this component did not permit the observance of the corresponding molecular ion.
After Smith degradation, the FAB spectrum of the permethylated product again exhibits a fragmentation pattern that is in line with the tetrabranched structure (Fig. 6b) . The most intense ion pair is m/z 260 and 228, produced by the terminal GIcNAc residues.The other expected sequence ions are m/z 954, 1648, 2342 and 3036. Besides m/z 954, all other expected ions are of low intensity or absent. Instead, another series is present at m/z 709, 1403, 2097, 2791, and 204 mass units higher, m/z 2995. From these sequence ions, it can be deduced that during the oxidation with metaperiodate one of the GlcNAc residues was also degraded. It can further be concluded that this happened at the terminal or the subterminal branch. In addition, one of the galactoses linked to the branch closest to the ceramide residue partially escaped the degradation as seen from the ion m/z 2995. Due to the presence of several components in this sample no molecular ions of prominence could be observed. As outlined above, also native compounds are amenable to FAB MS. Since the ionization process takes place at ambient temperature without any vaporization process, highly polar and also high molecular weight substances can be analysed by this method. Pseudomolecular ions, M-1, of relative high intensity are observed especially in those compounds that carry anionic groups such as COO or -503. As an example the FAB spectrum of the ganglioside GM1 is presented in Fig. 7 . As to be seen in the upper trace, the thioglycerol matrix gives rise to intense ions at m/z 107, (M-1), 215 (2M-1), 323 (3M-i) etc. These signals are of high reproducibility. They can therefore be subtracted, thus yielding a "purified" spectrum that is shown in the lower trace of Fig. 7 . As indicated in the scheme of fragmentation, sequence ions are formed starting from both ends of the molecule thus giving direct evidence of the sequence of the carbohydrate residues. The sequence ions derived from the ceramide residue always reflect the typical distribution of fatty acids and long chain bases by appropriate intensities as in the M-i ions. Due to the presence of stearic acid, sphingosine and icosasphingosine as long chain bases, two ion groups appear in this series 28 amu apart starting with m/z 564, 592 for the ceramide residue and m/z 726, for the major glucosylceramide fragment. Due to the substitution of the Gal with the neuraminic acid, no lactosylceramide ions are present but instead the correspondingly higher ions at m/z ii79 and i207. The further addition of an hexosamine residue to the chain can be deduced from the ion pair m/z i382 and i4i0. Among the ions that are derived from the "nonreducing" terminal of the molecule, m/z 308 and 290 represent the neuraminic acid. The ions produced by the terminal Gal or the Gal-GalNAc (m/z 382) residue are of very low intensity and therefore burned in the noise signals produced by the matrix. Only those ions that carry the NeuAc residue are of higher intensity. These ions can easily be recognized by an accompanying ion two mass units lower, that is formed after elimination of two hydrogen atoms. Such typical ion pairs are observed at m/z 833, 835 and at m/z 995, 997. Thus, two groups of ions give direct evidence on the position of the neuraminic acid in the chain. This is a very important advantage of negative ion FAB MS over more conventional El or CI MS of the permethylated derivative which give only indirect evidence in most cases. From the analysis of a large number of gangliosides performed in collaboration with the groups of R. Schauer and G. Tettamanti it can be concluded, that negative ion FAB MS is the method of choice for sequence determination. These data in combination with those obtained by high resolution NMR, that have been preaented by the group of B. Yu (30) will allow a complete structural elucidation with a minimal amount of substance. This will especially be true for those minor gangliosides that carry O-acetyl groups or lactone rings. 
CONCLUSIONS
The presented examples were intended to show, that in most cases a complete elucidation of the primary structure of GSL can be based on the nondestructive NMR measurements and the sensitive methods of mass spectrometry. Referring to the list of parameters that have to be determined during the structural analysis it can be summarized that,
-sugar components and molecular mass are preferably determined by FAB MS using negative ion detection for native or negatively charged GSL or positive ion detection for permethylated (and peracetylated) derivatives, as well as by integration of the anomeric proton signals of the deuterium exchanged GSL, of the H-6 doublets of the fucose residues, and of the methyl singlets of the acetyl groups of hexosamines and sialic acids in the NMR spectra -composition of the ceramide residue concerning long chain bases and fatty acids is evidenced by specific signals in FAB, El MS and proton NMR -the anomeric configuration of the sugars is clearly deducible from the coupling constants of the well separated H-i doublets of deuterium exchanged GSL -identification of the component sugar residues and of the conformation of their rings follows from the analysis of the full spin systems of the respective residues -the sequence of sugar constituents and the pattern of branching is clearly reflected in characteristic sequence ions of the MS -the sites of glycosidic linkages and the sequence of sugar constituents can be identified by interresidue NOE and scalar coupling across the glycosidic bond,and by specific glycosylation-induced shifts. If applied to sugar residues becoming terminal after a -galactosidase-and Smith degradation treatment, these shifts unambiguously identify the gross branching pattern.
